Abstract
Introduction
the Pol I* EC, however, the A12.2C is anchored to the enzyme by interactions with the A135 176
External Domain 1 (ED1) in a novel position that overlaps with the A34.5 C-terminal tail 177 (A34.5-Ct) in the Pol I EC, and which is similar to the position of the C-terminal domain of 178
Pol II subunit Rpb9 (Rpb9C) (Fig. 1A, see below) . A12.2N and A12.2C are connected by a 179 flexible linker that is weakly resolved in the Pol I* EC, although not at sufficient resolution for 180 model building but further validating the assignment of this density (Figure 1-Figure  181 Supplement 3). Interestingly, additional density is observed from the A190 jaw domain that 182 connects to the DNA-mimicking loop (DML) towards the A12.2 linker, suggesting that the 183 DML might also contribute to this positioning of the A12.2C (Figure 1-Figure Supplement 3 ). 184
Comparison of Pol I* with Pol I reveals that two interfaces in the A135 surface are differently 185 arranged ( Figure 1B) . In addition to the interaction with the ED1, which mutually exclusive 186 binds either A34.5-Ct or A12.2C, residues 989 to 1000 from the A135 Hybrid Binding domain 187 around a hinge located at residues 66-67, just after the well-ordered helix inserted between 194 the funnel and jaw (A12 residues 59-65) (Fig. 1C, middle) . 195 Both A12.2C and A34.5-Ct interact with two asparagine residues in the ED1 (A135 N683 196 and N684) through a tyrosine residue (A12.2 Y96; A34.5 Y150). A12.2C interacts with N683 197 and N684 through Y96, and with N684 through A12.2 T98 (Fig. 1D, top) . On the other hand, 198 A34.5 Y150 interacts with N684, and the neighboring R154 with N683 (Fig. 1D, bottom) . A 199 similar situation is observed in the HB interaction surface. In Pol I, A34.5 R157 is close to 200 residues A135 N989 and N990 (Fig. 1E, bottom) . In the Pol I*, R157 is partially replaced by 201 A135 R12, which comes near residue N990 (Fig. 1E, top) . Thus, two interaction surfaces of 202 A34.5-Ct with A135 are exchanged in Pol I* with A12.2C (ED1) and the A135-Nt (HB), which 203 interact with the same residues from A135. These interactions preclude the binding of the 204 heterodimer when A12.2C adopts the Rpb9-like position. 205
In the monomeric apo Pol I, in which the cleft is partially closed, A12.2C can still occupy the 206 TFIIS-like position (Neyer et al., 2016) . However in the apo Pol I*, A12.2C is stably bound to 207 the Rpb9-like position, although there is sufficient space for accommodating A12.2C in the 208 TFIIS-like position ( Fig. 1-Figure Supplement 4 ). The presence of the heterodimer in the 209 enzyme could thus promote binding of A12.2C to the TFIIS-like site (when accessible) by 210 blocking the Rpb9-like binding site. Comparison of apo Pol I with apo Pol I* reveals that the 211 change in the position of A12.2C also shifts A12.2N by ~3 Å towards the jaw, and part of the 212 latter appears to move towards the linker, likely to stabilize its position ( Fig. 1-Figure  213 Supplement 4). Interestingly, both domains move relative to the region that contributes the 214 fifth β-sheet to the jaw (resides ~43-66), which fixes A12.2 to the Pol I core. Therefore, the 215 movement of both, the A12.2N and the jaw, accommodate the change in the position of 216
A12.2C. 217 218
The structure of the ED1 determines binding of the C-terminal domain of the Rpb9-like 219 subunit in Pol I, Pol II and Pol III 220
Comparison of the Pol I/Pol I* structures with Pol II and Pol III reveals that while the ED2 221 appears to be structurally more conserved, the Pol I ED1 diverges from its Pol II and Pol III 222 counterpart, as it is smaller and lacks an extension that overlaps with A12.2C in the Rpb9-223 like position ( Fig. 2A) . In Pol II, Rpb9C also binds the ED1, although in a different manner 224 consistent with the structure of the Pol II ED1 (Fig. 2B) . Therefore, Pol I and Pol II ED1 are 225 specifically tailored to bind A12.2C and Rpb9C, respectively. Interestingly, a similar situation 226 is observed in Pol III, where the ED2 is more structurally conserved than the ED1 (Fig. 2C) . 227
The Pol III ED1, as in Pol II, has an extension in the region where A12.2C binds, but the 228 Rpb9C would also clash with an N-terminal helix from subunit C53. Accordingly, Pol III C11C 229 (equivalent to Pol I A12.2C and Pol II Rbp9C) adopts a position near the jaw that differs from 230 the position of both A12.2C and Rpb9C (Hoffmann et al., 2015) (Fig. 2C) . 231
Further analysis of this region shows that the N-terminal tail of the Pol II second largest 232 subunit (Rpb2), that forms part of the Rpb2 ED1 domain, is positioned similarly to the N-233 terminal region of C128, the corresponding Pol III subunit. The Pol I A135-Nt, however, is 234 retracted and interacts with the HB domain as described previously, while in the presence of 235 the heterodimer it is remains distant from the A135 EDs but moves away from the HB. This 236 positioning allows binding of A12.2C to the ED1 and also controls the accessibility of the HB 237 to the A34.5-Ct. 238
In conclusion, the A12.2C can only bind to the Rpb9-like position because of the distinct 239 structure of the A135 ED1 and the different positioning of the A135-Nt. Heterodimer release 240 and binding of A12.2C to the ED1 induce a conformational change in Pol I, which adopts a 241 conformation resembling Pol II. To better resolve smaller differences in the Pol I active site, particles from both EC 246 reconstructions were pooled, and classification was restricted to the core enzyme and the 247 DNA-RNA hybrid using a soft mask and higher weight on the data (Scheres, 2016) (Fig. 1-248 Figure Supplement 1, Material and Methods). This strategy allowed us to better resolve part 249 of the partially "closed" trigger loop (TL), the path of the non-template strand in the 250 transcription bubble (including the interactions on the downstream edge of the bubble), and 251 the position and interactions of GMPCPP in the active site. 252
The NTP substrate is positioned in the "A" site, as previously seen in Pol II (Cheung, bacterial RNA polymerase (bcPol) (Vassylyev et al., 2007) (Fig. 3A) . Accordingly, the 255 phosphate moiety is bound by two invariant arginine residues (A135 R714 and R957). In 256 addition, two invariant residues N625 and R591, which are involved in NTP/dNTP 257 discrimination, come close to the 3'-and 2'-OH group, respectively. While the corresponding 258 residue to N625 in Pol II (Rpb1 N479) has been shown to interact with either the 3'-OH 259 In the previous Pol I EC structures, the downstream DNA and the DNA-RNA hybrid adopted 267 a conserved position compared to Pol II and Pol III (Neyer et al., 2016; Tafur et al., 2016) . 268 Additionally, the upstream DNA duplex was bound similar to the bovine Pol II (Bernecky, 269 Herzog, Baumeister, Plitzko, & Cramer, 2016), but not to the available yeast Pol II structure 270 (Barnes et al., 2015) . In contrast to our previous data set 9 , the upstream DNA duplex is 271 more flexible, but density could be improved by focused classification of the pooled Pol I* 272 and Pol I ECs (Fig. 1-Figure Supplement 1 ). Two main classes were obtained that differed in 273 the conformation of the rudder. One of them showed strong upstream DNA duplex density 274 as well as density for the single-stranded non-template region (ssNT). While the lower 275 resolution in this area precluded DNA sequence assignment and model building, continuous 276 density from both ends of the transcription bubble delineate the path of the ssNT in the cleft 277 (Fig. 1B, Fig. 4A ). As suggested previously (Tafur et al., 2016) , the ssNT strand follows a 278 different path compared to the available structure of yeast Pol II (Barnes et al., 2015) . 279
Although the ssNT density is clear, it is too short to accommodate all nucleotides between 280 the transcription bubble boundaries. Additionally, the density becomes bulky near the rudder, 281
suggesting that the ssNT strand wraps around the rudder or that it is in a strained 282 conformation (Fig. 4-Figure Supplement 1 ). Altogether, these results suggest that the ssNT 283 strand in the transcription bubble is dynamic and interacts intimately with the rudder. As the 284 mismatch of 11 nucleotides was artificially induced into the transcription bubble, it is possible 285 that the naturally occurring transcription bubble in active Pol I is shorter, although it is able to 286 accommodate larger mismatches as other RNA polymerases (Barnes et al., 2015; Pal, 287
Ponticelli, & Luse, 2005). 288
While the A135 protrusion positive helix and the wedge interact and stabilize the upstream 289 DNA duplex, the rudder physically blocks the direction of the DNA duplex, defining the 290 upstream boundary of the transcription bubble (Fig. 4A ). The fork loop 1 (FL1) is tilted down 291 towards the A135 lobe and forms an "upstream arch" with loop A, which physically restricts 292 the passage of the ssNT strand (Fig. 4B ). In contrast, in Pol II, the "upstream arch" is 293 composed of the rudder and the FL1 (Barnes et al., 2015) and is differently configured (Fig.  294   4C) . The corresponding region to loop A (Rpb2 residues 269-282) is retracted, allowing the 295 positioning of the ssNT strand in between this region and the "upstream arch". In Pol I, the 296 configuration of the "upstream arch" only allows the positioning of the ssNT strand in a space 297 in between the FL1, loop A and the rudder. In the context of the 14-subunit Pol I, further 298 restriction of the allowable position of the ssNT strand is enforced by the A49 linker helix that 299 spans the cleft (Fig. 4A, B) . 300
In Pol II, the downstream edge of the bubble is determined by the FL2, which similarly to the 301 nucleotide +2 from the ssNT strand is flipped and inserted into a pocket formed by residues 307 from the β subunit ("β pocket") (Zhang et al., 2012) . Interestingly, in the Pol I EC, the +2 308 nucleotide is also flipped into a narrow pocket ("A135 pocket") formed by loop B and the 309 FL2, which is in an "open" conformation ( Fig. 4D ). While residues from the FL2 face the 310 flipped base, loop B exposes positively charged residues to the nucleobase accommodated 311 in the pocket. In particular, R219 and R225 appear to stabilize the flipped +2 base, 312
promoting the stacking of the +1 base with F508 (from FL2) (Fig.4E, top) . The interaction of 313 the +1 base with F508 is reminiscent of the interaction of the same base with W183 of 314 subunit β of bcPol (Zhang et al., 2012) (Fig.4E, bottom) . In both bcPol and Pol I, the 315 interactions with the +1 and +2 nucleotides appear to stabilize and direct the ssNT strand in 316 the cleft. Additionally, the highly conserved D395 also interacts with the +2 base as in bcPol 317 (βD446) (Vvedenskaya et al., 2014) and Pol II (Rpb2 D399) , and 318 probably also in Pol III (C128 D370). F508 is not conserved in the FL2 of Pol II but is present 319 in the Pol III FL2 (C128 F477). However, neither Pol II nor Pol III can form the equivalent 320 interactions as in the A135 pocket because their corresponding loop B is differently 321 positioned and far from the +1 and +2 bases. 322
Classification of the pooled consensus ECs ( domain. These results suggest a mechanism by which the surface of A135 (in particular, the 356 ED1) plays a pivotal role in specific factor exchange in Pol I. It appears that in both Pol I and 357
Pol II, the configuration of the ED1 is such that it can only accommodate their respective 358
Rpb9-like C-terminal domain, although in different binding modes. In contrast, in Pol III, the 359 presence of C53 prevents the binding of C11C to the C128 ED1, favoring its positioning near 360 the jaw. In addition, while in both Pol II and Pol III the N-terminal region of the second 361 biggest subunit is part of the ED1, in Pol I this flexible tail is located distant from the ED1 and 362 functions as a switch which alternates its position depending on the presence or absence of 363 the A34.5-Ct. In combination with the binding of A12.2C to the ED1, the interaction of the 364 A135-Nt with the HB "seals" two of the three main binding interfaces of A34.5-Ct with Pol I 365 (the third being the anchoring of the very end of A34.5 to a cavity formed by A135, AC40 and 366 Rpb10). Therefore, in Pol I*, the heterodimer is excluded from the enzyme and Pol I adopts 367 a Pol II-like conformation. 368
Our results show that Pol I can adopt an active conformation (with a stable DNA-RNA hybrid, 369 +2 base flipped and the NTP in the active site) in the absence of the heterodimer. With our 370 data, however, it is not possible to discern whether the heterodimer is excluded before or 371 after formation of this complex. Based on the extensive interaction surface between the 372 A34.5-Ct and A135, it is likely that the heterodimer dissociates after the formation of a stable 373 EC, which allows A12.2C binding to the ED1. Recent genetic studies have suggested that 374 A12.2 may be also involved in modulation of the movement of the jaw/lobe interface 375 especially in the absence of A49, as the linker and tWH domains appear to stabilize the 376 closed conformation of Pol I when bound to DNA (Darrière T, 2018) . As the A12.2C binds to 377 the A135 ED1, which sits next to the A135 lobe, the A12. and B-factor sharpening (Relion post-processing). Data were divided in five batches to 519 increase processing speed. For each batch, autopicking was followed by a 2D classification 520 step (with data downsized 5 times) to remove contamination and damaged particles. Good 521 classes were selected, re-extracted and un-binned, and refined against the Pol I EC (PDB: 522 5m5x) low pass filtered to 40 Å. Then, a 3D classification step was performed without 523 alignment. For all batches the same procedure was followed, except for batch 5, in which 3D 524 classification was performed with data downsized 5 times. Classes were selected based on 525 the width of the cleft, the position of the clamp, and the DNA-RNA scaffold density, and 526 grouped by similarity. Refinement of the pooled particles with closed cleft and strong DNA-527 RNA density revealed an extra density and streaky, weak density for the A49-A34.5 528 heterodimer. To resolve this region, a masked classification was performed. This yielded a 529 class with high resolution in the extra density, allowing the unambiguous assignment of the 530 A12.2 C-terminal domain (A12.2C). Based on these results, all other pooled classes were 531 classified with a mask on this area. Particles were merged depending on whether they 532 showed density for the A49-A34.5 heterodimer (Pol I) or the A12.2C without A49-A34.5 (Pol 533 I*). During the process, additional bad particles were discarded by global 3D classification 534 without a mask nor alignment. After refinement of all good particles for Pol I and Pol I*, 535 additional classification steps were performed to increase the resolvability of the active site. 536
For Pol I* particles, a 3D classification step with a mask on the core and DNA-RNA hybrid 537 yielded a class (182,488 particles) with a better density for GMPCPP, which could be refined 538 to 3.18 Å resolution. An apo form of Pol I* consisting of 73,660 particles was obtained during 539 a global classification step of the initial subset with a closed cleft and strong DNA-RNA 540 density, and was refined to 3.21 Å resolution. For the pooled Pol I particles, a global 3D 541 classification step yielded a class with a closed clamp (EC) and a class bound to DNA-RNA 542 with a slightly more open clamp. The latter was classified one more round, which gave a 543 class in an EC conformation. Thiese particles weres merged with the EC particles from the 544 previous 3D classification step, refined (consensus Pol I EC) and classified with a mask on 545 the core, the full DNA-RNA scaffold and the linker helix of A49, which yielded a class with 546 strong GMPCPP density (30,232 particles) that was refined to 3.42 Å resolution. As both Pol 547 I EC and Pol I* EC reconstructions were very similar in the active site, EC particles were 548 merged and classified using different masks. Masked classification based on the full DNA 549 scaffold and rudder produced one class (34,475 particles) with improved density for the 550 upstream DNA duplex and revealing the path of the single stranded non-template strand 551 (ssNT), which was refined to 4.0 Å resolution (without post-processing). Classification based 552 on the core and DNA-RNA scaffold revealed different states differing in the width of the cleft, 553 base flipping at position +2, presence of the GMPCPP and conformation of the trigger loop 554 (shown in Fig 4.-Figure Supplement 3 ). One of these classes (Pol I (core) EC +GMPCPP), 555 which showed better density for GMPCPP, the +2 base and A190 L1202 was refined to 3.18 556 Å resolution (54,017 particles). Local resolution was estimated with Blocres (Cardone, 557
Heymann, & Steven, 2013). 558 559
Model building and refinement 560
Previous Pol I structures in its apo (PDB: 4c3i and 4c2m) and elongating (PDB: 5m5x) forms 561 were used as starting models. The initial placement of GMPCPP in the active site was based 562 
